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A direction finding technique using millimeter wave interferometer
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Abstract: A two-dimensional direction finding ambiguity resolution algorithm about millimeter wave interferometer
is proposed in the paper. By means of implementing one or more times virtual transformation operation on meas-
ured phase differences between the original circular array elements and the reference array element, the unambigu-
ous phase differences between the virtual array element and reference array element are achieved. The unambiguous
phase differences are used to give rough but unambiguous estimation of direction of arrival (DOA) , which are used
as coarse references to disambiguate the cyclic phase ambiguities in phase differences between the original array ele-
ment and the reference array element. The high-precision estimations of DOA are acquired. Simulation examples
have verified that the algorithm can obtain the two-dimensional direction finding results with high accuracy in the

millimeter wave frequency range.

Key words: array signal processing, millimetre wave, interferometer, direction finding, ambiguity resolution, u-
niform circular array
PACS: 84.40.-x,41.20.Jb,84.40. Ua

— M= XK E T H NN E &%

T, AEF, EHEY, KEE
(1. FOZH TR R W S5eh TR2EE, BEPE PE% 710071 ;
2. BEVHHET 2P WP TR, BEPE U 723001)

FEE R T AR T O M H k. Bt B M5 70 5 5% M T 2 18] o I 8 A6 2 BE AT
—RESRENRGBE REEWNETTE 54 02 18 o MW AR AL 2. oM M A8 0 2 7 ok 45 20 Mg T AR
B S T, bR AR B B 9k O 1 B R AR JR [ B M T AR £ I T WY JB) A AR AR . T R

REREHET At FELRRN TREFEZREAECEARRESHEN ZEN w4 R
X 8 WA ETAE R THOGN m BER E

FE 43S TNO11.23 X ERERIRES ;A

Introduction

With recent advances in millimeter wave technolo-
gy, including the availability of high-power sources in
this band, the millimeter waves are widely applied in the
military and commercial applications''*'. The interfer-
ometer direction finding is used to determine the direction
of arrival (DOA) by directly or indirectly measuring the
phase differences among the antenna induced signal dis-
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tributed in different spatial position'*>’. Millimeter wave

interferometer direction finding has the advantages of
both millimeter wave and interferometer direction find-
ing, which has a wide application in communications,
radar, guidance system, radio astronomy and so on.

The phase difference ambiguity resolution is an im-
portant technique to promote the performance of millime-
ter wave interferometer direction finder'®”’. The long and
short baseline methods for resolving ambiguity require
that the length of short baseline is less than the minimal
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half wavelength of incident signal'®*’. For the millimeter

wave interferometer direction finder, the wavelength of
millimeter wave is extremely short, it is difficult to im-
plement the antenna baseline length that is less than half
wavelength in engineering''”’. However, it is required
the antenna baseline length that is greater than half wave-
length in many application scenarios, thus the phase am-
biguities are emerged, the traditional direction finding
methods based on long and short baseline are inva-
1id"""*’. The virtual array transformation algorithm is
presented in'""’ but the DOA estimation requires
rough prior information of azimuth and elevation angles.

The purpose of this paper is to solve phase ambigui-
ties in millimeter interferometer direction finding system
by using the virtual baseline transform algorithm. The
virtual transformation operation on measured phase differ-
ences will not cease until the unambiguous phase differ-
ences are acquired. The unambiguous phase differences
can be used to obtain the actual phase differences of orig-
inal array.

1 Signal and array models

Consider an M-element uniform circular array
(UCA) in the x-y plane with its center at the origin of
the Cartesian coordinates and radius of R is greater than
half of minimal wavelength of the incident signals. The
reference element is located at the origin of the Cartesian
coordinates. The first array element located on the cross
point of circle and the positive x-axis, along the anti-
clockwise direction is respectively the first, second, ...,
Mih array element, as shown in Fig. 1.

X
Fig.1 Uniform circular array geometry
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Assume that the millimeter wave radar signal having
the wavelength A impinges upon the circular array from
the direction of (0, ), where 8 € [0, /2] is the
signal’s elevation angle measured down from the positive
z-axis, ¢ € [0,27] denotes the azimuth angle measured
counter-clockwise from the positivex-axis. ¢, =27 (m —
1)/M, m=1,---, M are the location of array elements.

The phase difference between the mth array element
and the reference array element is:

Pom = 27)%Rsinﬁcos(cb -0.) @, = L(’X/I L (1)

Equation (1) can be rewritten in the following matrix
form:

_ 2R, . sinfsing
gDo-m - A [Slnqom ’COSQDmJ [Sinecosd)] M (2)

The actual phase difference vector @ = [ ¢,

®ors*»Poy ) between the M-element UCA and the ref-
erence array element are:

@ = 2Ry . (3)
where W is the angular position matrix determined by the
angular position of the array element, I' is the direction
cosine vector determined by the direction cosine of sig-
nal. W and I have the form as:

0 1
. (217) (217)
sin| = cos| =
W = M M ’

. . 2@ . 2w
sm[(M—])M COS[(M_l)M
I = [sinBsing ) 4
. [sin0cosd) S0
Let @ be the measured phase difference vector be-
tween the M-element and the reference array element,

respectively, i.e., @ = ®ot P>+ Poy ) - When ar-
ray radius R is greater than half wavelength, namely R >
%, there exists 27p deviation between @ and @, their
relationship can be expressed as:

D =@ +2mp , (5)
where p =[p, ,p,,***,py ] is the phase cycle number ambi-
guity vector. To measure the DOA of signal, it is necessary
to determine the phase cycle number ambiguity vector p.

2 Virtual transformation algorithm

The virtual transformations are done on the mth and
nth array elements, thus the phase difference between
the kth virtual array element and the reference array ele-
ment is obtained ;

ZW{zRCOS[%(m -n) ]}

é)(),n + ()AD(),m = A
. 2
o= (222 0)3] o
sinfcos | ¢ 5 1 i (6)
From Eq. 1 and 6, after first time virtual transforma-
tion, the virtual radius of circular array is R"" =2Rcos[

(m-n)/M]. The virtual shrinking transformation is not
existent unless the following condition is satisfied ;
0 <R" <R . (D

Equation 7 can be rewritten as:

0 < 2Rc0s[w%] < R=

wl m-nl 1
0 < COS[T]< 2 . (8)
According to Eq. 8, it can be got that;
M/3 <l m-nl < M/2 . (9)

When the integers m and n satisfy the Eq. 9, the
virtual shirking transformation can be done, the ambigui-
ties are disambiguated.

2.1 Integer times virtual transformation

When |m —nl is even number, namely m and n are
both even or odd numbers, (m +n)/2 is integer. Let k
=(m +n)/2, after one time virtual shrinking transfor-
mation, the phase difference between the kth (k=1,---,
M) virtual array element and the reference array element
can be expressed as:
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2mR™"

zA . (10)
sinfcos|p — (k- 1) Mﬂ

() _ = . —
Por = Pon TPy, =

The angular position matrices of virtual and actual
circular arrays are the same, but the radii of the two ar-
rays are different, as is shown in Fig. 2.

As an alternative the Eq. 10 can be expressed in
matrix notation as follows

D = Td . (11)
where @' = [ ¢') P s ,goé};l] is the phase differ-
ence vector after the first time virtual transformation, @
is the measured phase difference vector, T is the virtual
transformation matrix determined by the Eq. 10.

If R is still greater than minimal half wavelength,
so @'V still exists phase ambiguity. It can continue do
the virtual transformation in accordance with the above
method until the radius of the virtual circular array is less
than minimal half wavelength.

Suppose that it have conducted L times virtual trans-
formations, furthermore, the radius of virtual circular ar-

ray, namely R meets the condition as follows:
. m(m-n)]" A 12
R*™ = R|2cos i <5 (12)

where L is the minimal positive integer that satisfies the
Eq. 12, R"is the radius of virtual circular array after L
times virtual transformations. The relationship between
@' and R"“ can be expressed as:

(L)
R =277%WF . (13)

where @ = [q;éfl) L5 ,goéfﬂ),] "is the phase differ-
ence vector after L times virtual transformation. There is
no phase ambiguity in @ | which means that @' can
be expressed in algebra notation as follows: goéfk) €
[ —w,w] 1<ksM. W and I' are defined in Eq. 4.

From the analysis above, the relation between @'"
and T can be shown as:

D" =T'd . (14)

2.2 Even number times virtual transformation

When Im —nl is odd number, namely one of m and
n is even number and another is odd number, then (m +
n)/2 in Eq. 6 is not integer. We define the serial num-
ber of the virtual array as d' = (m +n +1)/2, after the
first time virtual shrinking transformation, the phase
difference between the d’th virtual array element and the
reference array element can be expressed as:

27R""
A
. 15
sin@cos[qb - (d’ - L) 2—“-] (1)
2/ M
From Eq. 15, the angular position matrix of virtual
circular array, namely W, is obtained ;

B L (w m

EARIEA
. (3w 3

. (M) (M)

_sin[(ZM‘—l);;

. _ = . _
Poa = Pon TPy, =

. (16)

] cos[(ZM—l)ﬂZ]_

From the Eqs. 4 and 16, it can be seen that W, is
completely different from W, as is demonstrated in Fig. 3.

virtual array .

actual array
7

Fig.2 Uniform circular array with 9 elements

K2 I B4

the Lth(L is odd) virtual array

the Lth(L is even) virtual array

Fig.3 Uniform circular array with 7 elements
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Equations 15 can also be expressed in matrix nota-

tion as follows
b =T d , (17
where T, is the first time virtual transformation matrix de-

termined by the Eq. 15, @ is the phase difference vec-
tor after the first time virtual transformation. In view of
the above condition, the angular position matrix is differ-
ent in before and after the first time virtual transforma-
tion. Even if R'"is less than minimal half wavelength , it
is hard to disambiguate the cyclic phase ambiguities. Af-
ter the second time virtual shrinking transformation, the
phase differences are represented as:
2) Ay, A1) 27wRY
Po.0r = Pow t Pow = A
(18)

: " . 2£ ’
sm@cos[qﬁ -(d"-1) M]
where M/3 <Im' —=n'l <M/2, Im' —=n'l is odd number,

then d" = %n_l
the formulas (18) and (10) have the same form.

Equation 18 can also be expressed in matrix notation
as follows

is integer. From the above analysis,

PP :Tzd)(l) , (19)

where T, is the second time virtual transformation matrix
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determined by the Eq. 18, @ is the phase difference
vector after the second time virtual transformation.

When two times virtual transformations have been
done, the angular position matrix is the same before and
after the two times virtual transformation. As a result, it
needs even number time virtual shrinking transformation to
disambiguate the cyclic phase ambiguities. According to
Egs. 17 and 19, the first time virtual transformation matrix
T, and the second time virtual transformation matrix T, are
obtained. Suppose @ is the phase difference vector after
L times virtual transformations, then the relationship be-
tween @' and @ can be expressed as follows

L
@ =<T2T1)2(1i , (20)
where L is the minimal positive even number that meets
Eq. 12, @ is the original measured phase difference vector.
2.3 Virtual transformation to disambiguate the cy-
clic phase ambiguities

The problem at hand is formulated in terms of the
theory of interferometer direction finder technology, the
rough but unambiguous estimates of the actual phase
difference vector @ can be expressed as

(21)

From Egs.5 and 21, the phase cycle number ambi-
guity vector p, is got:
poptzargmin‘dj—(@+2wp) ‘ (22)
Then the high-precision estimations of actual phase
difference vector @ can bg acquired as;

D=d+2mp,, (23)
From Egs.3 and 23, it can be obtained that:
b =EI' , (24)
where N
2R, r sinfsind
E - 7 = [L1]= [sinfsin
A L4 []"2] [sinﬁcosd)]

Based on the least square method, the accurate esti-
mation value of direction cosine is obtained :
7= [fl ] _ [sianinQ] - E'®
r, sinflcosp ’
where E* = (E"E) "'E" is pseudo inverse matrix of E.
From Eq. 25, the accurate estimation value of azi-
muth and elevation are got .

6 = arcsin /I + T

arctan(%j,rz =0

2

(25)

¢

(26)

$ =m+ arctan(gj,rz <0
I,
Thus the two-dimensional angle estimation with high
precision is obtained while the direction finding ambigui-
ty is resolved.

3 Simulation results

In this section, some simulations are conducted to e-
valuate the performances on DOA estimation by the pro-
posed method. The single-frequency signal with parameter
0 =30°, ¢ =43° impinging upon a 9-element uniform cir-
cular array with a radius of R =3.5A, as shown in Fig. 2.
The carrier frequency is 60 GHz, or equivalently, with
wavelength A =5 mm. 512 snapshots are used in each of

the 500 independent Monte Carlo simulation experiments,
and the scatter diagram is simulated at SNR =15 dB.

From Fig. 5, it is shown that almost all estimated
values are located in the vicinity of actual value after vir-
tual transformation, the estimated value of § and ¢ range
from the numerical range ( 29.98°,30.03° ) and
(42.97°,43.03°), respectively. On the contrary, be-
fore virtual transformation the estimated values are wrong-
ly distributed in the range of the azimuth ( - 3. 5°,
—4.5°) and the elevation (2.12°,2.17°).

Figures 6 — 7 show that the RMSE of elevation and
azimuth before virtual transformation are 27. 85° and
47°. But the RMSE of elevation and azimuth after virtual
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transformation are reduced evidently as the SNR increa-
ses, which are less than 0.045° and 0. 08° in the SNR
range. The virtual transform can effectively solve the
problem of phase ambiguities, hence the precise esti-
mates of DOA can be obtained.

In order to further validate the feasibility of the pro-
posed method, the UCA method, the uniform concentric
circular array (UCCA) method and the proposed method
of this paper are compared in Fig. 8. Without loss of gen-
erality, nine array elements are placed on each circular

—©— The proposed method
—— UCA method
—A— UCCA Method
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>
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Fig. 8 RMSE of azimuth versus SNR
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ring. Suppose the radius of UCA is R, =0. 422 2\,
which doesn’t exist phase ambiguities. The inner and
outer radius of UCCA are R, =3.5\ and R, =0.422 2\
respectively. The radius of this proposed method before
and after two times virtual transformation are R =3. 5\
and R =0.422 2\.

The curves with star, triangle and circular points in
Fig. 8 plot the RMSE of azimuth estimated by the UCA
method, UCCA method and the proposed method, re-
spectively, at different SNR levels. In the SNR range
(namely, at or above O dB) the azimuth estimation pre-
cision based on the UCA model is lower than that of the
UCCA method and the proposed method. The proposed
method is nearly the same as UCCA method versus SNR.
The proposed method and UCCA method can overcome
DOA ambiguities by virtual baseline transformation and
long-short baselines, respectively. But the number of ar-
ray element is 9 x2 =18 for UCCA method and 9 for the

proposed method. Alternatively, the simulation and dis-

cussion for the elevation are similar to the azimuth.
4 Conclusions

A virtual transformation method for two-dimensional
direction finding about millimeter wave interferometer has
been researched. In a first step the unambiguous phase
difference vector is obtained by means of implementing L
times virtual transformations. In a second step the actual
array phase difference vector is acquired by disambiguat-
ing the cyclic phase ambiguities. The proposed algorithm
not only overcomes the weakness of the ambiguity of DOA
estimation of sparse arrays, but also improves the capability
of resolution. Numerical examples illustrate the performance
of the proposed techniques, which is much better than UCA
method and nearly the same as UCCA method.
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